Abdominal Radiology (2021) 46:1746-1751
https://doi.org/10.1007/500261-020-02807-w

PRACTICE q

Check for
updates

Diurnal variation of major error rates in the interpretation
of abdominal/pelvic CT studies

Mark A. Kliewer' - Lu Mao? - Mikala R. Brinkman? - Richard J. Bruce' - J. Louis Hinshaw'

Received: 21 July 2020 / Revised: 21 September 2020 / Accepted: 30 September 2020 / Published online: 10 October 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Rationale and objective Variation of visual selective attention through the day has been demonstrated in several arenas of
human performance, including radiology. It is uncertain whether this variation translates to an identifiable diurnal pattern
of error rates for radiology interpretation. The purpose of this study was to attempt to identify particular days of the week
and times of the day when radiologists might be most prone to error.

Materials and methods Abdomen/pelvis CT studies containing at least one major error were collected from a 10-year period
from the quality assurance (QA) database at our institution. A major error was defined as a missed finding that had altered
management in a way potentially detrimental to the patient. The identified studies were categorized by the day of the week
and hour of the day that the study was interpreted. Study volume data over this same period was also obtained by day of the
week and time of day, so to normalize the data based on case volume. Standard errors of the volume-adjusted error rates
were obtained based on the binomial distribution. The null hypothesis of constant error rates over time was tested using a
weighted logistic regression model with linear time as predictor.

Results A total of 252 major errors were identified. More errors were made on Monday than on any other day of the week
(n=58). Major error rates increased through the mid to late morning (9 am to 12 pm), and then decreased progressively
through the afternoon until 4 pm, when a rise in the error rate was seen. This pattern persisted when error rates were nor-
malized by study volume within each hour. Overall tests of time-constancy of error rates by day and hour were statistically
significant (both p-values <0.001).

Conclusion Our study shows that error rates in abdominal CT do seem to vary with time of day and day of the week. During
the workweek, error rates were highest in the late morning and at the close of the workday, and greater on Mondays than
other days.
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Introduction

Variation of mental acuity and visual selective attention
has been demonstrated in several arenas of human perfor-
mance, including radiology [1-6]. It is unclear, however,
whether such variation follows a diurnal pattern for prac-
ticing radiologists or whether it results in periods of the
day when the radiologist might be particularly prone to
error. That such a pattern might exist is intuitively plausi-
ble, particularly for studies that are as mentally taxing and
complex as CT and MR studies, many of which consist of
hundreds or thousands of images.

Two studies of plain film interpretation have reported
declines in performance from the morning to the after-
noon [3, 4]. An often-referenced study of chest radiograph
interpretation involved medical students looking at chest
radiographs, and reported a morning-to-afternoon decline
in performance. Medical students have little training or
competence in radiology, and therefore these results are
difficult to generalize to the practice of radiology by radi-
ologists, and even less so to the practice of subspecialty
radiologists. The other study of mammogram interpreta-
tion found that recall rates were lower in the afternoon for
some readers, and not for all [4]. Another mammography
study, conducted during a national meeting, found that
detection rates of breast lesions did vary with time of day
but that no one time of day was best for all readers [5].

Therefore, the impact of the time of day on radiologists’
performance remains an unresolved issue even with plain
film interpretation. The current literature is essentially
silent with regard to diurnal variation for the interpretation
of complex cross-sectional imaging studies [6].

In this study, we examined major error rates in the inter-
pretation of abdominal/pelvic CT cases over a 10-year
period and categorized these by time of day and day of
the week. The purpose of this study was to attempt to
identify particular days of the week and times of the day
when radiologists might be most prone to error.

Methods and materials

This study was conducted under the auspices of the qual-
ity assurance program at our institution, HIPAA compli-
ant, and exempt from IRB review. Within the radiology
department at our institution, a quality assurance data-
base was established and maintained on the PACS sys-
tem. Cases were entered into the database when an error
was discovered either because the error was recognized
on subsequent imaging, in consultation with clinicians, or
during interdisciplinary conferences. All errors had been

reviewed and verified by consensus at the quarterly QA
conference. Surgical findings or biopsies were available
to confirm the error for 28% of cases.

Major errors were defined as those that a general practice
radiologist would not be expected to make, and one that
altered management in a way potentially detrimental to the
patient (Figs. 1 and 2). At the quarterly QA conference, there
was far greater agreement on what constituted a serious or
major missed finding (which had material clinical conse-
quences) than there was for a minor missed finding (which
did not). Therefore, this study focused on major errors
only. Those abdomen/pelvis CT studies (henceforth, only
“abdominal CT”) containing at least one major error from a
10-year period formed the basis of this study.

Errors were classified in accord with ACR guide-
lines, specifically as errors of perception, interpretation,
and communication [7]. False positive perceptual errors
occurred when normal findings are interpreted as patho-
logic. False negative perceptual errors occurred when
pathologic findings were missed and unreported. Errors
of interpretation occurred when pathologic findings were
identified but were misattributed, misperceived, or misdi-
agnosed [7]. Errors of communication occurred when an

Fig.1 a, b A late morning false negative error (“miss”) in a 62 years
old female with pancreatic cancer. a Mesenteric metastasis not iden-
tified at 11:02 am on a Thursday. b Interval growth of the mass
4 months later
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Fig.2 a, b A last hour afternoon false negative error in an 81 years
old female with cervical cancer. a Left pelvic wall nodal metasta-
sis not seen at 4:09 pm on a Monday. b Interval growth of the mass
2 months later

important finding was not effectively communicated to the
caring provider.

The identified studies were categorized by the day of
the week and hour of the day that the study was inter-
preted. The hour of interpretation was acquired from the
time stamp on the dictation, and assigned within the hour
the interpretation was made (e.g. a studies read at 11: 15
and 11: 45 would both be assigned to the 11 am hour).
Therefore, the data from the weekend days were not con-
sidered comparable to those of the weekdays, and excluded
from analysis. Weekend cases were read separately from
the weekday cases, and not included in weekday case col-
lection. Study volume data over this same period were also
obtained by day of the week and time of day, so to normal-
ize the data based on case volume (Table 1). Within the
time period of the study, a total of 483,481 abdominal CT
studies were read. The distribution of cases by day is given
in Table 1. For each case identified, data were also col-
lected with regard to anatomic location of the error, study
indication, study size (number of images), and patient cat-
egory (inpatient vs. outpatient).

@ Springer

At our academic institution, all cases were interpreted
by a subspecialty trained abdominal radiologist during the
work week, which began at 7:00 am and ended at 5:00 pm
from Monday to Friday. Outside of these hours, initial inter-
pretation was rendered by a resident, which was reviewed at
7:00-7:30 am the next day by staff. Through the night hours
(5 pm to 7 pm), subspecialty radiologists were available to
provide consultation and answer questions as needed. The
hour of interpretation was assigned according to the time
stamp on the resident dictation record, and therefore reflects
resident error rather than specialist error.

We tested for non-random variation in the daily composi-
tion of cases by comparing study size (number of images),
study indication, and error location. For the distribution of
errors across study indication (cancer, infection, vascular/
trauma/other), a Chi-square test (with eight degrees of free-
dom) was calculated between the 5 weekdays. The average
number of images per study was also calculated and com-
pared across the 5 weekdays using the Kruskal-Wallis rank
sum test. Further, the data were dichotomized into 5-year
periods and tested for consistency over time for error rate
by weekday, study indication, and anatomic site of the error
using chi-square tests.

Standard errors of the volume-adjusted error rates were
obtained based on the binomial distribution. The null
hypothesis of constant error rates over time was tested using
a weighted logistic regression model with linear time as pre-
dictor. Error rates at different time points were compared
using two-sample #-test based on normal approximation to
the binomial distribution. All analyses performed using R
version 4.0.2. All statistical tests were considered statisti-
cally significant at p values less than 0.05.

Results

A total of 252 major errors were identified from the QA
database. The majority of errors (=211, 84%) were false
negative perceptual errors (Figs. 3 and 4). A smaller number
(n=41, 16%) were interpretive errors. Tests for data con-
sistency over time showed no significant variation from the
first half of the study to the second for errors per weekday
(»p=0.67), study indication (p =0.19), or anatomic site of
error (p=0.60).

More errors were made on Monday than on any other day
of the week (n=158). The majority of errors occurred in out-
patients (n=186) and the most common indication was neo-
plasm follow-up (n=176). The missed finding was related
to the indication for the study 71% of the time (n=179).

The most common anatomic regions of error were the
hepatobiliary system (n=44, 17%), mesentery (n=35, 14%).
Errors were also frequent in the vasculature (n =30, 12%),
body wall (n=27, 11%), bowel (n=27, 11%), and pancreas
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Table 1 Study volume by hour Hour Sunday = Monday  Tuesday = Wednesday  Thursday  Friday  Saturday  Totals

and day of the week
12AM 976 914 831 783 776 914 824 6018
1AM 893 709 624 656 650 693 743 4968
2 AM 875 642 581 580 577 602 765 4622
3 AM 808 534 482 497 580 480 775 4156
4 AM 801 485 430 477 513 533 841 4080
5 AM 723 470 419 465 479 544 767 3867
6 AM 645 464 442 473 502 508 647 3681
7 AM 562 1595 1651 1606 1607 1653 508 9182
8 AM 708 4893 4954 4823 4752 4991 611 25,732
9 AM 753 6303 5970 6143 5878 6145 710 31,902
10AM 1018 6751 6726 6704 6553 6567 1027 35,346
11AM 1214 7297 6909 7166 7217 6714 1305 37,822
12 PM 1378 6366 6052 6346 6181 5942 1423 33,688
1 PM 1447 7124 6967 7076 7161 6454 1580 37,809
2PM 1497 6837 6863 6929 7080 6491 1619 37,316
3PM 1497 6224 5825 5795 6014 5981 1486 32,822
4 PM 1415 4318 4198 3825 4130 3997 1523 23,406
5PM 1431 3775 3600 3222 3660 3354 1523 20,565
6 PM 1332 3252 3092 2967 3108 2991 1350 18,092
7PM 1241 2957 2816 2625 2881 2754 1356 16,630
8 PM 1243 2805 2717 2460 2511 2327 1345 15,408
9PM 1111 2085 1990 2041 1974 1847 1260 12,308
10 PM 1061 1787 1589 1686 1688 1382 1150 10,343
11 PM 1053 1309 1311 1280 1339 1291 1135 8718
Totals 25,682 79,896 77,039 76,625 77,811 75,155 26,273 438,481
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(n=10, 4%). Two errors contributed to patient demise: both
involving bowel infarction/necrosis.

Major error rates normalized by study volume increased
through the mid to late morning (9am to 12 pm) (p <0.001
for trend test over 7am—12 pm), and then decreased pro-
gressively through the afternoon until 4 pm (p=0.1152 for
trend test over 12 pm—4 pm), when a rise in the error rate
was seen (Figs. 3 and 4). Overall tests of time-constancy
of error rates by day and hour were statistically significant

Hour of the Day

(both p-values <0.001). Error rates and error by volume
rates were highest on Mondays and lowest on Saturdays and
Sundays by a factor of two (p <0.001).

No significant difference was found between the 5
weekdays for the distribution of errors across diagnos-
tic categories (cancer, infection, vascular/trauma/other)
(p=0.42). Further, the average number of axial images per
study was similar for weekdays: Monday (256), Tuesday
(213), Wednesday (292), Thursday (273), Friday (325). No
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significant difference was found in the average number of
axial images per study across weekdays (p=0.21).

Discussion

This study demonstrates a discernable pattern of diurnal
variation in major error rates in the interpretation of abdomi-
nal CT studies. During the workweek, the error rates were
highest in the late morning and at the close of the workday.
These rates were greatest on Mondays.

The data on weekend and night hour error rates are more
problematic and were therefore not considered in the analy-
sis. First, the volume of cases is less, and the possibility
of chance variation is greater. Second, the reading of these
case was performed largely by residents of varying levels of
experience, and therefore the reading group by hour is dif-
ferent from the reading group by hour during the weekdays
(subspecialty trained abdominal radiologists). Finally, cases
were read as a batch by the abdominal imaging faculty either
the next morning or in the evening, rather than as an ongo-
ing, continuous process during the weekday. Weekend cases
was not included with those of weekdays (note the similar
number of cases at 7 am for all weekdays in Table 1).

A potential problem with our data could be that there is
a non-random variation in the daily composition of cases,
such that certain types of cases (either more complex or less)
might tend to occur on a particular day because certain types
of clinics (pancreatic cancer clinic, for example) meet on
particular days. Though this is certainly possible, there was
relative constancy of error through the weekdays (except for
Monday) as well as relative constancy in diagnostic cate-
gory (cancer, infection, vascular, etc.), and location of error.
Indeed, there were no statistically significant differences by
weekday for the average number of images in the studies
per day, the distribution of error by anatomic region, or the
distribution of diagnostic category by day. These considera-
tions indicate that daily variations in the complexity of cases
is unlikely to have a substantial effect on our results. Finally,
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the length of time over which the sample was drawn would
also tend to mitigate non-random effects.

There is a small literature on diurnal variation of radi-
ologist performance [3-6, 8]. To date, studies have focused
on almost exclusively on plain film interpretation (mam-
mograms and chest radiographs) and many were conducted
outside a radiology reading room environment and before
the advent of the modern PACS workstations [3-5]. Fur-
ther, these studies have included readers of a wide range
of experience, from medical students to radiology residents
to expert subspecialty radiologists, and included errors of
varying clinical significance.

In medical endeavors outside of radiology, diurnal vari-
ation of human performance has been verified in a range
of tasks [6, 10]. Adverse medical decision-making, for
instance, have shown time of day variation for events such
as unintentional injuries, diagnosis delays, and misidentifica-
tion of a body part. The time of day where clinical perfor-
mance was poorest was the mid-afternoon [6, 10].

Our study suggests that radiologists experience periods
through the day where physical, psychological, mental, and
cognitive resources wax and wane. Factors contributing to
the depletion could include fatigue, eye-strain, stress, haste,
hunger, and metabolism [9, 11, 12]. Fatigue, as a specific
factor of study, have been demonstrated to result in cogni-
tive errors performance in mammography and other types of
radiology interpretation [9, 11-14]. That said, the increased
error rate on Mondays suggests that additional factors may
be present.

Equally important considerations are the factors that
might contribute to the restoration of energies, such as
breaks, food, exercise, micro-naps, and sunlight. Perfor-
mance reading mammograms. for examples, seems to vary
with time of day, time spent working, and break scheduling
[11]. Scheduling adjustments, such as half-day shifts on the
most taxing services, might be instituted to mitigate exhaus-
tion of energies.

That error would be greatest on Mondays is consist-
ent with studies indicating a decline in mental acuity after
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periods of relative inactivity [15—18]. Some have suggested
that radiologists should rapidly read through a practice
image set on a daily or weekly basis, so to fine-tune percep-
tion and combat inattention [15-18].

This study has some limitations. First, the diurnal varia-
tion observed in this study may not be present in practices
where workday schedules are structured differently. Second,
we did not determine whether error rate was affected by the
time from study acquisition to final dictation, particularly
for those weekend cases that were given a preliminary inter-
pretation at night and a final interpretation in the morning.
Another limitation of this study is the likelihood of incom-
plete capture of cases containing error. It is impossible to
insure that all cases containing error will be discovered
and reported. Indeed, individual error can be repeated and
perpetuated over one or more subsequent studies [11]. That
said, requiring that collected were major errors, which is to
say highly consequential errors, would tend to make these
errors more likely to be discovered over time. Further, this
requirement would also tend to mitigate hindsight bias and
inter-rater variability. That said, this constraint also resulted
in a relatively small sample size by day and by time of day,
and may have excluded cases that others would have consid-
ered clinically significant.

The decision as to what constituted a major error was
necessarily subjective, though we found greater agreement
for errors of this category than for errors that were “likely”
or “possibly” clinically relevant. Hence the narrowing of
the focus of the study. Patient records were not reviewed
to determine specifically if management was in fact altered
when the error was discovered. Arguably, non-major errors
could be a proxy for errors in general. It was difficult to
determine, however, whether a non-major finding was
missed or simply dismissed by the reader as not sufficiently
important to report.

The focus of the study was on major errors made by the
faculty radiologists. We did not control for the involvement
of residents or fellow. Except for the weekend and overnight
cases, which were always initially read by a trainee, we did
not identify those cases that had been previously reviewed
by a trainee (double-read) and those that had not. Nor did
we account for overlapping shifts, lunch coverage, staffing
levels, clinic schedules, study priority (stat or routine), or
proximity to vacations. Finally, we did we compare individ-
ual radiologists as to error rates, case volumes, or absences.

This study demonstrates that error rates in abdominal CT
do appear to vary with time of day and day of the week. Dur-
ing the workweek, error rates were highest in the late morn-
ing and at the close of the workday, and greater on Mondays
than other days. These variations could indicate the effects
of fatigue, waning attention, or haste. Radiologists need to
be cognizant of these patterns, so to find means to remain
vigilant in the late morning and close of day.
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